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Candidate systems for topologically-protected qubits include two-dimensional electron gases
(2DEGs) based on heterostructures exhibiting a strong spin-orbit interaction (SOI) and super-
conductivity via the proximity effect. For InAs- or InSb-based materials, the need to form shal-
low quantum wells to create a hard-gapped p-wave superconducting state often subjects them to
fabrication-induced damage, limiting their mobility. Here we examine scattering mechanisms in
processed InAs 2DEG quantum wells and demonstrate a means of increasing their mobility via
repairing the semiconductor-dielectric interface. Passivation of charged impurity states with an
argon-hydrogen plasma results in a significant increase in the measured mobility and reduction in
its variance relative to untreated samples, up to 45 300 cm2/(V s) in a 10 nm deep quantum well.
I. INTRODUCTION
Interest in proximitized InAs- and InSb-2DEGs has
intensified recently due to their potential application
in spintronics [1] and topological quantum computation
[2, 3]. These materials can exhibit superconductivity
via the proximity effect, induced by the presence of alu-
minum deposited on their surface, which strongly cou-
ples to the quantum well. The induced superconduc-
tivity combined with strong SOI (and a large Lande´ g-
factor) results in the formation of Majorana zero modes
(MZMs), now observed in both nanowires [4, 5] and
2DEGs [6, 7], at the boundaries of the topological su-
perconductor [8–10]. Interest in MZMs, which are emer-
gent quasi-particles hypothesized to have non-abelian ex-
change statistics, stems from their potential to provide
topological protection to quantum information [11].
Early experimental platforms for realizing MZMs in
both nanowires and 2DEGs utilized superconductors de-
posited ex-situ, however these systems demonstrated a
a significant density of states sub-gap that obscured the
signatures of the MZM [12, 13]. Alternatively, in-situ de-
position of a superconductor, such as epitaxially growing
aluminum directly after semiconductor growth, results
in a significant improvement in the quality of the super-
conducting gap [14, 15], and the realization of a quan-
tized zero-bias peak [16]. In-situ deposition poses ad-
ditional fabrication challenges however, as the Al must
be removed to define the topological region of the de-
vice. Removal via a wet-etch solution selective to Al is a
highly exothermic reaction that results in damage to the
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surface of the semiconductor. This damage manifests as
increased roughness and induced impurities, lowering the
mobility of the 2DEG [17] and compromising the fragile
induced p-wave superconducting pairing [18, 19]. Fur-
ther, since the length scale over which hard-gap super-
conductivity is maintained across a clean interface is set
by the height and thickness of the barrier [13] burying
the 2DEG deep in the heterostructure is not feasible [20].
Taken together these aspects point to a need to develop
new fabrication techniques that maintain or repair de-
fects introduced at the surface.
Here we investigate the scattering mechanisms that
reduce mobility in shallow InAlAs/InAs/InGaAs 2DEG
heterostructures following wet-etch of the proximitizing
superconductor. By studying Hall mobility as a function
of density, we show that surface scattering is the domi-
nant mechanism for reduced mobility in shallow 2DEG
samples. We demonstrate that the mobility can be in-
creased and the variance of mobility reduced by expos-
ing the sample to an in-situ Ar-H plasma, prior to de-
position of a protective ALD-grown Al2O3 coating. We
compare the mobility of these to control samples exposed
to an in-situ trimethylaluminum (TMA) pre-treatment,
or to samples without any pre-treatment, prior to oxide
growth.
II. EXPERIMENT
The devices are fabricated from a In-
AlAs/InAs/InGaAs quantum well grown 10 nm below
the surface on a 2” (100) InP substrate [21]. An 8 nm
Al layer is grown epitaxially on the surface of the
heterostructure directly following the semiconductor
growth. On each sample, a Hall bar geometry is defined
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FIG. 1. (a) Cross section of a shallow InAlAs/InAs/InGaAs
quantum well after removal of epitaxially grown Aluminum.
A protective layer of Al2O3 is grown, along with a 150 nm
Ti/Au surface gate which is used to tune the electron density.
(b) False color micrograph and schematic of the experimental
setup showing one combination of current and voltage con-
tacts. Red and blue dots indicate alternative measurement
points. (c) The density (violet) and mobility (cyan) of sam-
ple B are extracted from magnetoconductance measurements
as the top gate is swept. The red mark indicates the location
of peak mobility. The black arrow indicates the location of
the onset of second subband filling.
using a dilute phosphoric acid etch, and Al is selectively
removed over the Hall bar with an Aluminum wet etch
(Transene type-D). Contact to the 2DEG is made using
sections of un-etched Al, which forms an ohmic contact.
The surface is then treated using either TMA as a
reducing agent to remove the native oxide [22, 23] or
with a ArH plasma to terminate charged impurity states
[24], and without breaking vacuum, a 10 nm Al2O3 oxide
is grown via ALD at 200 ◦C, using a TMA precursor and
either H2O or O3 as an oxidizing agent. Finally, a 150 nm
Ti/Au gate is evaporated on the surface of the Hall
bar to allow the electron density of the samples to be
varied. Further details of the fabrication are contained
in the Supplementary Information. A cross-sectional
schematic of the Hall bar is given in Fig. 1 (a). For each
treatment/oxidizer pair, we fabricate two samples, one
taken from within 1” of the center of the wafer (denoted
‘near’), the other taken from the outer 1” ring (denoted
‘far’), in order to account for variation in mobility as a
function of distance from the center of the wafer [25]. A
full list of tested sample parameters is given in Table I.
We note that despite the higher quality of ALD oxides
grown at higher temperatures, at temperatures higher
than 250 ◦C, diffusion of In and As occurs, and above
300 ◦C In begins to precipitate out of the substrate due
TABLE I. A full listing of sample growth parameters that
were tested. Two surface treatments (TMA Reduction and
H2 Passivation) and two oxidizers (H2O and O3) are tested
to find their effect on sample mobility. Each treatment and
oxidizer pair are measured on two chips, one taken from the
center of the growth wafer, the other from near the edge, in
order to account for the effect of distance from the center of
the wafer on mobility.
Sample Treatment Precursor/Oxidizer
A No Treatment TMA/H2O
B TMA Reduction TMA/H2O
C TMA Reduction TMA/O3
D H2 Passivation TMA/H2O
E H2 Passivation TMA/O3
to the desorption of As [26].
Measurements were carried out in a dilution refriger-
ator with a base temperature of 7 mK. A Cryo-CMOS
based multiplexer is used to allow simultaneous measure-
ment of up to 10 Hall bars in a single cool-down [27].
Magnetotransport measurements were performed to ex-
tract electron densities and mobilities using conventional
AC lock-in techniques, with a 10 nA constant current. A
representative Hall bar is shown in Fig. 1 (b), with longi-
tudinal (Rxx) and transverse (Rxy) resistance measured
simultaneously. Three measurement points are defined
around the edge of the Hall bar, indicated with blue, red
and black dots, allowing multiple independent measure-
ments of mobility and density to be made on each sam-
ple, from which statistics on each treatment are gath-
ered. Hall bars were oriented at 45◦ to the (011) and
(011) plane to remove effects of any anisotropy along
different crystallographic axes [28, 29]. For each sam-
ple, density and mobility are extracted as the top gate is
swept. A representative measurement is shown for sam-
ple B, taken from near the center of the growth wafer,
in Fig. 1 (c). Mobility is extracted at 0.05 T, which is a
sufficiently large offset to ensure we are no longer on the
weak-antilocalization peak. For this sample, a peak value
for mobility is extracted of 33 400 cm2/(V s) at a density
of 8.73× 1011 cm−2, corresponding to a gate voltage of
VTG = −0.27 V, indicated by the red point in Fig. 1 (c).
We can attribute different dominant scattering mech-
anisms to various ranges of the density [30–32]. As
the density increases from zero, scattering is predom-
inantly caused by scattering off background impurities
distributed through the heterostructure [33]. Increased
screening of impurities as the density is increased leads
to an increase in mobility. As the gate voltage and den-
sity is further increased, the mobility is seen to peak,
before reducing with increasing density. Increasing top
gate voltage causes the the distribution of electrons in the
quantum well to shift towards the surface [34, 35], and
surface scattering becomes dominant over the increased
impurity screening with higher density, leading to the
decrease in mobility observed at higher densities.
The subband occupation can be extracted from magne-
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FIG. 2. (a) The Landau fan for sample B. The black arrow
marks the onset of second subband population, indicated by
a change in slope of the Landau levels as a function of mag-
netic field and top gate voltage. The location of peak mobility
is indicated by the blue dashed line. (b) Magnetoresistance
taken at the point of highest mobility on sample B. Well re-
solved hall plateaus are observed, starting from ν = 10 (see
main text for details). (c) Magnetoresistance measurements
of sample B to high field, taken at VTG = 0 V. Hall plateaus
show an oscillation characteristic of parallel conduction paths.
totransport measurements at high magnetic fields. Fig. 2
(a), shows a Landau fan for sample B measured in a sec-
ond cooldown, plotting Rxx as VTG and B are swept.
The onset of second subband population is marked by
the arrow and occurs at VTG = −0.16 V, denoted by the
change in the slope of the location of Landau levels as a
function of gate voltage and magnetic field [36, 37]. The
onset of second subband population is also visible as a
kink in the mobility as a function of VTG, indicated by
the black arrow in Fig. 1 (c), caused by a reduction in
the rate of filling of the first subband NS1 relative to the
total density NT = NS1 +NS2.
The sample shows significantly different magnetotrans-
port behavior when the first and second subbands are
occupied. When the top gate is tuned to the value that
maximizes mobility at low magnetic fields and only a
single subband is occupied, well resolved Hall plateaus
are observed from ν = 10 onwards, with the Hall re-
sistivity quantized to within 0.11% of the theoretical
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FIG. 3. Representative mobility vs. density traces for
each treatment, taken from samples near the center of the
wafer. Samples oxidized with O3 show a shifted peak mo-
bility relative to those oxidized with H2O. A peak mobility
of 45 300 cm2/(V s) is extracted for a sample treated with a
Hydrogen plasma.
value at ν = 6, and a vanishing longitudinal resistance
of Rxx = 2.4 Ω/. No Shubnikov-de Haas oscillations
are observed. In contrast, when the second subband is
occupied at VTG = 0 V (Fig. 2 (c)), clear Shubnikov-de
Haas oscillations are visible from 1.5 T to 6 T, despite the
much lower mobility of the sample at this point. This is
caused by the increased screening of the impurity poten-
tial by the electrons of the second subband, and has been
observed in measurements of low-mobility GaAs 2DEGs
[38]. Further evidence of second subband population is
seen in the Hall plateaus which are not well quantized
and exhibit an oscillatory behaviour (inset Fig. 2 (c)),
an effect attributed to parallel transport in the second
subband.
III. SURFACE TREATMENTS AND OXIDE
GROWTH
The native oxide layer in both GaAs and InAs is known
to contain a large number of charged defects [39, 40],
caused by unpaired As atoms within the oxide formed by
an excess of As during the oxidation of In and Ga [41, 42].
These defects act as scattering sites at the surface of the
wafer, and limit the mobility of samples above a certain
density. Reducing the concentration of surface scattering
sites through chemical treatment prior to dielectric depo-
sition provides a clear pathway to increasing the sample
mobility.
The first approach that we examine is the removal
of the native oxide through reduction by TMA[43–45].
TMA is known to remove the surface oxides of InAs via
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FIG. 4. Peak mobility achieved for different treatment and
oxidizers. Measurements are made across different two sam-
ples, taken from near the center of the growth wafer (green)
and from near the edge of the growth wafer (red), and at
multiple locations on each Hall bar. Each point represents
the peak mobility extracted from a sweep of gate voltage, as
shown in red in Fig. 1 (c), which were collected over multiple
cooldowns, and at multiple measurement points.
the following reaction [23]:
2 Al(CH3)3 + In2O3 −−→ 2 In(CH3)3 + Al2O3 (1)
2 Al(CH3)3 + As2O3 −−→ 2 As(CH3)3 + Al2O3 (2)
For TMA treated samples, a 1 s pulse of TMA is ap-
plied to the surface in the ALD chamber, followed by a
30 s purge with N2 gas, at a 200
◦C process temperature.
This pulse cycle is repeated 18 times to maximize the
reaction time, prior to the growth of the dielectric.
The second approach that we examine is the removal of
surface oxides and the passivation of charged impurities
at the surface via the application of an ArH plasma to the
chip [24, 45, 46]. For this process, a remotely generated
ArH plasma is applied to the surface of the samples for
a total of 120 s before the growth of the dielectric layer.
Atomic hydrogen is known to bond to As atoms and sat-
urate the dangling bonds, passivating the surface [24]. A
hydrogen plasma is also known to selectively remove the
surface oxide via dry etching, again leading to an abrupt
semiconductor-dielectric interface [47, 48].
In Fig. 3 we plot mobility as a function of density for
each treatment, with samples taken from near the center
of the wafer. The use of ArH plasma in combination with
oxide growth using TMA and H2O as an oxidizer was
found to increase the measured mobility relative to an
untreated sample, showing the highest peak mobility for
both near and far samples. In contrast, oversaturation
with TMA causes a decrease in mobility compared to a
single TMA exposure before Al2O3 growth. Finally, we
note that the use of O3 as a precursor does not seem to
be effective for the creation of a clean dielectric interface
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FIG. 5. Scatter plot of density at zero gate voltage against
the peak mobility, for samples taken near the center of the
growth wafer. Samples with the lowest density at zero gate
voltage have the highest measured peak mobility. The dashed
black line is a linear fit, and is a guide to the eye.
– both ozone samples show a decreased quality relative
to no treatment, however the peak mobility shifts to a
higher density. Measurements are taken on both samples
near the center of the growth wafer (near) and samples
taken far from the center of the growth wafer (far), across
multiple measurement points and multiple cooldowns, as
shown in Fig. 4. While there exists a significant difference
in the mobility of samples taken from different parts of
the growth wafer, there remains a definite trend amongst
similarly treated samples. The use of ArH plasma in
combination with oxide growth using TMA and H2O as
an oxidizer results in a significant reduction in variance
in mobilities for the highest quality samples.
IV. SCATTERING MECHANISMS
Finally, we turn to a detailed examination of scattering
mechanisms across different density ranges and surface
treatments. Unlike semiconductors such as GaAs where
the Fermi level is pinned in the band gap, the location
of the Fermi level in InAs has been shown to depend
sensitively on surface states. Even in nominally undoped
heterostructures, an electron density in the quantum well
at zero gate voltage is induced by charged impurities at
the surface [42, 49]. As the concentration of charged
impurities is decreased, the electron density in the quan-
tum well at zero gate voltage is decreased towards zero.
Fig. 5 shows the density at zero gate voltage against the
peak mobility. We observe an inverse relationship, with
the samples that have the highest mobility also having
the lowest intrinsic electron density. Atomic hydrogen
plasma is thus an effective method for terminating these
charged impurities prior to dielectric growth.
In contrast, samples treated with TMA see either no
significant change in the density of charged surface states
5or see an increase relative to no pre-treatment. Although
TMA treatment has been demonstrated to be effective
in removing the surface oxide, such studies largely in-
vestigate the optical properties of the cleaned surface,
using either X-ray photo-emission spectroscopy [43–45]
or infra-red spectroscopy [50], rather than the electrical
properties. We suggest that the inconsistency between
previous studies and our result can be explained by the
growth of an Al2O3 layer. This acts as a diffusion barrier
at 200 ◦C and terminates the native oxide removal pro-
cess before completion [51], which in this case limits the
effectiveness of the treatment.
To understand the reduced mobility observed when us-
ing ozone as the oxidizer in the ALD process, we exam-
ine the relationship between density and mobility when
peak mobility is achieved (See supplementary for addi-
tional data). The peak mobility in O3 samples is shifted
towards higher densities compared to those samples that
use H2O. Previous studies have found that the AlOx
grown by ozone is oxygen-rich relative to the optimal sto-
ichiometry for aluminum oxide [22, 52]. The increased
incorporation of oxygen in the oxide will appear as re-
mote charged impurity scatterers distributed throughout
the dielectric [33], and therefore a higher electron density
has to be reached before these are fully screened.
V. CONCLUSION
In summary, we find scattering off charged surface im-
purities at the Al2O3 interface is a limiting factor in mo-
bility in the current generation of shallow InAs quan-
tum wells. For a quantum well 10 nm from the sur-
face, the application of an ArH plasma prior to dielec-
tric growth is effective in increasing the peak mobility to
∼ 45 300 cm2/(V s), and reduces the variance in mobility
compared to untreated samples or samples exposed to
TMA saturation. For all samples, we find that the second
subband is occupied at VTG = 0 V. This is a complicat-
ing factor in the search for MZM in InAs 2DEGs, as an
odd number of filled subbands are then required for their
formation [3]. For the current generation of samples, this
condition can only be met with a single populated sub-
band whilst achieving sufficiently high mobility. Due to
pinning of the Fermi level in InAs, we find that a signifi-
cant negative gate voltage will be necessary to tune into
this regime.
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